Recent studies have focused on the role of N-methyl-D-aspartate (NMDA) in brain injury.
1.
Introduction Traumatic brain injury (TBI) is a leading cause of mortality and morbidity with harmful socioeconomic consequences (Max et al., 1991) . Patients who survive after TBI might show severe cognitive dysfunctions and impairments in learning, memory, and executive functions (Levin et al., 1998; Murray et al., 1992) .
According to the clinical knowledge, TBI can be divided into two components: (1) primary damage, which is characterized by mechanical injury caused by the traumatic event itself, and (2) secondary damage, which occurs as changes at the cellular and molecular levels at areas distant to the impact and appears until several hours or days post injury (Levine et al., 2006) . The cause of the secondary damage includes neuroinflammation, glutamatergic excitotoxicity, oxidative stress, DNA damage, neuronal cell death, amongst others (Bernert and Turski, 1996; Fan et al., 1996; Leinhase et al., 2006; Love, 1999; Sullivan et al., 1999) .
The animal models of TBI have proved useful for gaining a better understanding of the pathophysiology of brain damage after trauma, as well as investigating the effective treatment (Laurer and McIntosh, 1999) . The glutamatergic system appears as a main factor for the development of damage. This is because the system induces excitotoxicity at least in part due to the increase at the influx of Ca 2 + through N-methyl-Daspartate (NMDA) receptors (Choi, 1988) . The neuroprotective strategy in humans involves blocking of excitotoxicity using antagonists of NMDA receptors (see review: Willis et al., 2004) and in the animal model, the protection by antagonists has been largely studied (Kuo et al., 2007) . A subtoxic dose of NMDA was found to induce preconditioning as it evokes a cellular tolerance state to a subsequent lethal event (Chuang et al., 1992; Soriano et al., 2006) . In our group, it was demonstrated that NMDA preconditioning is effective against brain damage induced by glutamatergic system in vivo and in vitro (Boeck et al., 2004; Boeck et al., 2005) . Further, the motor coordination and gaiting deficits induced by the TBI were prevented by NMDA preconditioning in mice (Costa et al., 2010) . As there is no treatment available for reversing the pathogenic cellular cascade underlying the progression of cell death, a better understanding of the alterations in memory and cognitive and mood impairments remains an important goal of studies of the glutamatergic system on experimental TBI research. Thus, the present study is mainly aimed at investigating the effects of NMDA preconditioning as a neuroprotective strategy against memory deficits and cell death in mice subjected to TBI.
Results
The macroscopic analysis of the brain samples of mice that underwent TBI revealed no signs of external damage to the cerebral cortex, no hemorrhages in the periventricular white matter below the cortex, and no apparent distortion of the inner structures. All mice survived following the induction of TBI. Images were captured and then analyzed using the Scion Image software. Data are expressed as mean of PI uptake ±SEM (n=4-6 mice/group). *P< 0.05 difference compared to the control group; #P < 0.05 difference compared to the TBI group.
The TBI group presented a decrease of the cellular viability in the hippocampus as measured by the MTT assay 96 h after trauma (Fig. 1A) , when compared with the control group. It is interesting to note that the cellular viability in the NMDA + TBI group was preserved against the damage induced by TBI, an effect statistically dependent on the interaction of NMDA and TBI (F (1,20) = 8.652; P = 0.00807). In addition, pretreatment with NMDA or TBI did not alter the cellular viability in the cerebral cortex when applied per se or as associated (Fig. 1B) .
During the assessment of the cellular viability by the uptake of PI, it was observed that the staining in the hippocampus showed striking cellular damage in the TBI group when compared to the saline group (Fig. 2) . In addition, it was observed that the NMDA did not induce damage per se, and that it prevented the damage induced by TBI in mice, an effect statistically dependent on the interaction of NMDA and TBI (F (1,17) = 49,601; P < 0.001).
It should be mentioned that in the habituation to the openfield apparatus, the number of crossings (Fig. 3A) and rearings ( Fig. 3B) were reduced when the mice were re-exposed to the apparatus 1.5 h, 24 h, and 7 days after the test session, thus indicating habituation to the environment by all groups (saline, NMDA, TBI, and NMDA + TBI). There were no statistical differences among the groups, neither NMDA nor TBI affects the locomotor activity of mice (P > 0.05).
In the object recognition task (Fig. 4) , statistical differences were observed in the object exploration index in saline as the mice further explored more a novel object in all test sessions (1.5 h: Z = 2.334; P = 0.019; 24 h: Z = 3.113; P = 0.002; and 7 days: Z = 2.31; P = 0.021). Nevertheless, in the NMDA or TBI groups no statistical differences were observed in the object exploration index in the test sessions when compared with the training session, which suggests a deficit in the recognition memory by these groups (P > 0.05). However, it should be noted that the pretreatment with NMDA prevented the deficit induced by TBI as the mice of NMDA + TBI group further explored more a novel object in all test sessions (1.5 h: Z = 2.296; P = 0.022; 24 h: Z = 3.629; P < 0.001; and 7 days: Z = 2.366; P = 0.018).
In the step-down inhibitory avoidance task (Fig. 5) , the saline group as well as the TBI and NMDA + TBI groups displayed an increase in step-down latency when the mice were re-exposed 1.5 h, 24 h, and 7 days after the latency displayed in the training session; this indicates that memory was acquired for the task [(saline -1.5 h: Z = 3.180; P = 0.001; 24 h: Z = 3.066; P = 0.002; and 7 days: Z = 2.191; P = 0.028), (TBI -1.5 h: Z=2.902; P=0.004; 24 h: Z = 2.578; P = 0.009; and 7 days: Z = 2.803; P = 0.005), (NMDA + TBI -1.5 h: Z = 2.51; P = 0.012; 24 h: Z = 2.039; P = 0.041; and 7 days: Z = 2.803; P = 0.005)]. In the NMDA group an increase in stepdown latency occurred when the mice were re-exposed 1.5 h and 24 h, but not 7 days after the training session (1.5 h: Z = 3.179; P = 0.001; 24 h: Z = 2.166; P = 0.030; and 7 days: Z = 0.815; P = 0.415), which indicates deficits in memory after 7 days, but not after 1.5 h or 24 h after trauma.
An analysis of elevated plus-maze in all animals from groups ( Fig. 6 ) demonstrated that the anxiety-like behavior did not show any changes (P > 0.05). Also, no changes were observed in the suspension tail test (P > 0.05) (Fig. 7) .
Discussion
In the present study, it is demonstrated that the NMDA preconditioning was found to protect the animals against -Effect of TBI and NMDA preconditioning on novel object recognition memory. The object recognition training was performed 24 h after TBI in mice with or without preconditioning with NMDA. The mice received NMDA (75 mg/kg) 24 h prior to TBI. The training session was assessed 24 h after trauma and the recognition index (RI) was assessed 1.5 h and 24 h or 7 days after the training session. Data are shown as median ± interquartile ranges (n = 20 mice/group). *P < 0.05 compared with the training session for each group.
cellular damage in the brain as well as memory deficit in the novel object recognition task. Several studies have demonstrated the protective effects induced by the low dose of toxins against different injury challenges in vitro in various preparations of cells (Damschroder-Williams et al., 1995; Dickie et al., 1996; Ogita et al., 2005; Stein et al., 2012) and in vivo in animal models of brain, heart, and kidney injury (for review : Gidday, 2010; Sanada et al., 2011; Xiong et al., 2011) . Preconditioning is an event that triggers the cellular mechanisms of neuroprotection that evoke tolerance against subsequent injury. It is well known that ischemia preconditioning protects the myocardium and neurons against injury induced by global ischemia or excitotoxicity (Sandhu et al., 1996; Tauskela et al., 1999) . Further, pharmacological preconditioning is a great strategy employed for understanding the cellular mechanisms (e.g.,sensors, transducers, and effectors) that participate in cellular protection. NMDA preconditioning is induced by subtoxic (sublethal or non-convulsant) doses of NMDA applied at a specific period prior to the occurrence of injury (Boeck et al., 2004 (Boeck et al., , 2005 Damschroder-Williams et al., 1995; Ogita et al., 2003) . It has been demonstrated that hippocampal damage induced by the convulsant and NMDA receptors agonist, quinolinic acid, was prevented by NMDA applied 24 h prior to the injury event and the protection window included up to 48 h after injury (Boeck et al., 2004) . In the present study, the NMDA preconditioning was further able to prevent hippocampal damage observed after TBI.
The cellular damage following TBI has two components, an acute component at the impact site (in the present study, it is the cerebral cortex) that is excitotoxic and nonapoptotic, and a delayed component at sites distant to the impact (in the present study, it is the hippocampus) that induces apoptosis. It has been postulated that the occurrence of the posttraumatic sequel (e.g. motor and cognitive impairments, major depression) and certainly the toxicity induced by glutamate might be responsible for some of these effects, as high extracellular levels of glutamate are observed in the hippocampus after TBI (Kuo et al., 2007) . In humans (Meythaler et al., 2002) and in experimental animals (Pohl et al., 1999) TBI is known to result in cognitive function impairment, probably due to the overactivation of glutamate receptors in the hippocampus. In the present study, hippocampal damage was assayed by the PI that is impermeable to healthy cells; however, it gains access to the cytoplasm when the plasma membrane becomes compromised and renders the nucleus fluorescent by binding to the DNA (Macklis and Madison, 1990) . Since PI staining is associated with impaired membrane integrity, it does not distinguish between necrotic and apoptotic cell death. Even so, hippocampal damage observed herein was measured after the development of memory task in the mice subjected to TBI, namely 96 h after trauma. Nevertheless, the apoptotic cells in the hippocampus were observed after 12 h following TBI (Conti et al., 1998) .
The damage to the hippocampus impairs performance on a variety of tasks of learning and memory (Squire, 1992) . The use of the Novel Recognition Test, which has been developed for studying declarative memory, demonstrated that hippocampal lesions resulted in the impairment of recognition in this test (Broadbent et al., 2004) . Recognition memory involves Fig. 5 -Effect of TBI and NMDA preconditioning on avoidance inhibitory memory. The step-down inhibitory avoidance task was performed 24 h after TBI in mice with or without preconditioning with NMDA. The mice received NMDA (75 mg/kg) 24 h prior to TBI. The latency to step-down in the training session was assessed 24 h after trauma and in the test sessions 1.5 h and 24 h or 7 days after training. Data are shown as median ± interquartile ranges (n = 10-15 mice/group). *P < 0.05 compared with the training session. temporal lobe areas, such as perirhinal and parahippocampal/ postrhinal cortices as well as the entorhinal cortex. The hippocampus is the final stage of convergence within the medial temporal lobe, receiving projections from these areas (Lavenex and Amaral, 2000) . Habituation memory is a nonassociative memory that is acquired when repeated or continuous exposure of an animal to a novel environment changes the behavioral responses to it. The long-term memory of habituation depends on the functionality of hippocampal NMDA and AMPA/kainate receptors (Vianna et al., 2000) . The inhibitory avoidance task is a behavioral test that is widely used for studying the effects of drugs on aversive memory. It is easy to use and it displays relatively good pharmacological prediction to amnesic and enhancer memory drugs (Gold, 1986; Izquierdo and Medina, 1997) . In the present study, TBI was found to induce impairment in the anterograde novel object recognition memory without affecting habituation and aversive memory. Baratz et al. (2011) also observed a deficit in novel object recognition memory in mice 7 days after the closed head weight-drop model of TBI. However, it is not possible to exclude the hypothesis that the habituation and aversive memory involving hippocampal mechanisms could be impaired at 96 h after TBI, as the studies demonstrated the deficit after trauma induced by the controlled cortical impact (O'Connor et al., 2003; Wagner et al., 2007) . On the other hand, NMDA preconditioning impaired the long-term retention of memory for inhibitory avoidance. It is possible that a low dose of NMDA had a specific effect that requires further study. The inhibitory avoidance training induces LTP in the CA1 of hippocampus dependent of NMDA receptors (Whitlock et al., 2006) ; however, NMDA preconditioning attenuates the long-term potentiation (Youssef et al., 2006 ) that could alter synaptic plasticity. Further, NMDA preconditioning confers protection via PKA, PI3K and MAPK/ERK pathways that are important to memory and neuronal survival (Herculano et al., 2011) . Thus, NMDA preconditioning offers protection against cellular damage, but could have a specific effect in cognitive outcome after injury.
The incidence rates of major depression in human survivors to the TBI are 15.3% to 33% and the prevalence rates are 18.5% to 61% (Kim et al., 2007) . In addition, anxiety is a common comorbidity observed in 41.2% of TBI patients with depression (Jorge et al., 1993) . The low volume hippocampal observed after TBI could be associated with the incidence of depression in TBI patients, because similarly, changes in hippocampal functioning and morphology are observed in major depressive patients (Campbell and MacQueen, 2004) . In a well-designed study, rats subjected to impact accelerated TBI using weight-drop model showed anxiety and depression-like behavioral derangements (Pandey et al., 2009) . Further, the treatment with magnesium (which is an ion blocker of NMDA receptors in neurons during resting) ameliorated the anxiety/ depression-like behaviors in 61% of animals exposed to TBI (Fromm et al., 2004) . It was observed that the weight drop of 25 g at the skull caused short-term motor incoordination (but not locomotion) (Costa et al., 2010) , and probably the present data reinforced the characterization of the TBI model in mice as it also revealed hippocampal damage by PI; although anxiety/depression-like behaviors were not observed in our mice with TBI. Also, the deficit in novel object recognition memory observed herein corroborates with the study of Baratz et al. (2011) , in which mice showed deficit in memory 7 days after mild traumatic brain injury.
The preconditioning method has its limitations when used as treatment for TBI; however it is useful in evaluating the protective effect of a low dose of NMDA. Further, it can be used for directing future studies that are focused in pharmacological interventions saved in therapies for TBI.
4.
Experimental procedures
Animals
Male CF-1 adult mice (2-3 months old, weighing 30-35 g) were obtained from the breeding colony (UNESC). A total of four to six animals were housed per cage with food and water freely available and were maintained on a 12-h light/dark cycle (lights on at 7:00 a.m.). All experimental procedures involving the animals were performed in accordance with the National Institute of Health Guide for the Animal Care and Use of Laboratory Animals (NIH) and the recommendations of the Sociedade Brasileira de Ciências em Animais de Laboratório (SBCAL) for animal care, and were designed to minimize suffering and limit the number of animals used. The animals were used only once to avoid circadian variations; all experiments were carried out between 8:00 a.m. and 4:00 p.m. The apparatus was cleaned with ethanol 10% after the evaluation of each mouse in the tasks. A trained observer who was unaware of the treatment performed all the behavioral experiments. This study was approved by the local ethics committee (Comitê de Ética em Pesquisa da Universidade do Extremo Sul Catarinense, n°. 77/2007 and 60/2009).
Pretreatment with NMDA
NMDA (Sigma-Aldrich; St. Louis, MO, USA) was dissolved in saline solution and the pH was adjusted to 7.4 with NaOH 1 mEq/mol. The animals were injected intraperitoneally (i.p.) with a low, nonconvulsant dose of NMDA (75 mg/kg) or vehicle (saline, 0.9% NaCl, w/v) 24 h prior to performing the cortical trauma injury induction (Gimenez-Llort et al., 1995) . The mice were housed in acrylic boxes (25 × 25 × 25 cm) and observed for 30 min immediately after NMDA administration for the occurrence of behavioral alterations (Boeck et al., 2004) . All the solutions were administered i.p. at 10 mL/kg of the animal.
Diffuse TBI
A diffuse TBI was produced using the closed-head weightdrop method as previously described (Adelson et al., 1996) , with minor modifications. This apparatus consisted of a metal tube, 1 m in length and 10 mm in inner diameter, attached to a ring stand. The mice, anesthetized by inhalation with a mixture of O 2 /N 2 O (33%:66%), were placed on a loosely fixed foam bed with their head slightly elevated to avoid spinal cord damage. A brass weight of 25 g with concentric grooves on its face fell downward freely from a height of 80 cm. Just after the impact, the foam bed with the animal was slid out from under the tube to prevent a second impact to it on recoil. After trauma, the mice received supporting oxygenation with 100% O 2 until they were fully awake (approximately 1 min) and were then brought back to their cages. The training sessions in the behavioral tests were assessed 24 h after trauma and the testing sessions were executed 1.5 h (short-term memory), 24 h, and 7 days (long-term memory) after the training test. In another set of experiments, at 96 h after TBI induction, the mice were euthanized for the subsequent analysis of cerebral cortex and hippocampal viability.
Habituation to an open field
In the habituation to an open-field apparatus, the animals were exposed twice, with a 24-h interval. The test was carried out in a 40 × 40 cm (length and width) open-field surrounded by 20 cm high walls made of brown plywood with a frontal glass wall. The floor of the open field was divided by black lines into 16 equal squares. In both sessions (training and testing-sessions), the animals were gently placed on the left rear square of the apparatus and allowed to explore freely for 5 min (Vianna et al., 2000) . The training was executed 24 h after trauma. The testing sessions were executed 1.5 h (shortterm memory), 24 h, and 7 days (long-term memory) after the training test. The number of black line crossings and rearings was recorded in both sessions for evaluating the effects of NMDA preconditioning on the habituation to the novel environment.
Object recognition task
Novel Object Recognition Memory was evaluated as originally developed by Ennaceur and Delacour (1988) , which is based on the natural tendency of rodents to explore a novel object more than a familiar one. The object recognition task was carried out in a 40 × 40 cm open field surrounded by 20 cm high walls made of plywood with a frontal glass wall. The floor of the open field was divided into 16 equal rectangles by black lines. All animals were submitted to a habituation session where they were allowed to freely explore the open field for 5 min.
No objects were placed in the box during the habituation trial. Twenty-four hours after habituation, training was conducted by placing individual mice for 5 min in the open field, in which two identical objects (objects A1 and A2) were positioned in two adjacent corners at 10 cm from the walls. In a short-term recognition memory test given at 1.5 h after the training, the mice explored the open field for 5 min in the presence of one familiar (A1) and one novel (B1) object. In a long-term recognition memory test given at 24 h or 7 days after training, the mice explored the open field for 5 min in the presence of one familiar (A1) and one novel object (B2; different from B1). All objects had similar textures, colors, and sizes but had distinctive shapes. A recognition index was calculated for each animal in the test session, which reports the ratio of time spent in exploring a novel object [Recognition Index = TN/(TA+ TN); TA = time spent in exploring the familiar object A1; TN = time spent in exploring the novel object B1 (1.5 h) or B2 (24 h or 7 days)]. Between trials, the objects were washed with 10% ethanol solution. Exploration was defined as touching the object with the nose and/or forepaws.
4.6.
Step-down inhibitory avoidance task
The step-down inhibitory avoidance apparatus consisted of a 50 × 25 × 25 cm plastic box with a front glass wall, where the floor had parallel 10-mm bronze bars. The left end of the grid was occupied by a 7 cm wide, 2.5 cm high Formica platform. The rats were gently placed on the platform facing the rear wall, and their latency to step down with all four paws on the grid was recorded. In the training session, after stepping down, the animals received a 0.4-mA, 2-s scrambled footshock and were withdrawn immediately from the cage. In the test session, 1.5 h and 24 h or 7 days later, the procedure was repeated, but footshock was not given. The test session stepdown latency was used as a measure of retention. A ceiling of 180 s was imposed on this measure, i.e., animals whose test latency was more than 180 s were considered to have a latency of 180 s (Gold, 1986; Izquierdo and Medina, 1997) .
Elevated plus-maze test
As previously described by Lister (1987) 4.8.
Tail suspension test
As previously described by Steru et al. (1985) , the tail suspension test consisted of suspending mice individually by the tail to a horizontal ring stand bar (30 cm distant from the floor) using an adhesive tape (at 2 cm distance from the tip of the tail). The mouse was 15 cm away from the nearest object. The method is based on the observation that a mouse suspended by the tail shows alternate periods of agitation and immobility. A 6-min test session was used and the parameter of immobility was scored as the number of seconds that the mouse spent in being immobile.
MTT reduction
The mice were killed by decapitation for the removal of cerebral structures 96 h after TBI (48 h after the novel object recognition memory test). The cell survival following TBI was measured by dehydrogenase activities to reduce MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Mosmann, 1983) . The tetrazolium ring of MTT was cleaved by various dehydrogenase enzymes into viable cells and then precipitated as a blue formazan product. The cerebral cortex and hippocampus were cut into 400-mm-thick transversal slices using a McIlwain tissue chopper, followed by transfer of the sections to prewarmed phosphate-buffered saline (PBS) supplemented with 0.6% glucose (pH 7.4), and separated into individual slices. Two slices from each brain structure were incubated with MTT (0.5 mg/mL) in PBS buffer for 20 min at 37°C. The medium was aspirated, the precipitated formazan was solubilized with dimethyl sulfoxide, and the viable cells were quantified spectrophotometrically at a wavelength of 550 nm. The variability resulting from differences in slice size was found to be minimal according to the protein content measures.
Membrane permeability
The hippocampi dissected at 96 h after TBI in mice were sliced transversely as 400-μm-thick slices on a McIlwain tissue chopper and were subsequently separated into individual slices, as cited above. On an average, six slices were obtained from the middle of the hippocampus that were placed in a 96-well multiwell plate (Nunc) containing prewarmed phosphate buffer supplemented with 0.6% glucose (pH 7.4). The slices were incubated for 10 min prior to cell viability assay. Cell death was assessed by uptake of the fluorescent exclusion dye propidium iodide (PI), which is a polar compound that enters only dead or dying cells with damaged membranes. Once inside the cell, PI complexes with DNA and induces intense red fluorescence (630 nm) when excited by green light (495 nm). The slices were incubated with 7.5 μg/mL PI for 1 h and then imaged on a standard inverted microscope (Nikon Eclipse TE 300 Nikon Corporation, Tokyo, Japan) by means of a rhodamine filter set. The PI uptake was quantified by densitometric analysis with Scion Image software (Scion Corporations) (Boeck et al., 2004) .
Statistical analysis
The results were analyzed using the Statistica version 7.0 software (StatSoft, Inc.). The normality parameter was verified by the Shapiro-Wilk test. Each value reflects the mean of seven to fifteen animals/group for behavioral parameters or the mean of five to six animals/group for cellular viability analysis. Cellular viability was statistically analyzed by employing two-way ANOVA with NMDA pretreatment and TBI as the main factors, followed by Tukey HSD test and was reported as mean ± S.E.M. The performance of the mice on habituation to the open-field was analyzed by the Student's t test for comparison between the training and test sessions. The performance on novel recognition objects and stepdown inhibitory avoidance tasks was reported as median ± interquartile ranges. The performance of the mice was analyzed by employing Wilcoxon for comparisons between the training and test for each group. P values less than 0.05 were considered to be statistically significant.
